Optimising the spectral emissivity of the IR radiation source in a TPV generator is one of the crucial steps towards high efficiency TPV conversion. In this paper we present different approaches to the preparation of selective emitters to be coupled to high efficiency photovoltaic cells. The emitters are designed to work at a temperature of about 1500K and they have been prepared to be used either as external coatings for the burner or as a structural material for the burner itself. Composite ceramics containing rare earth cations, prepared by slip-casting, with various concentration of rare earths were prepared by Slip Casting and Slurry Coating. Rare earth oxides have been incorporated into different oxide matrices, namely Silica, Alumina, Zirconia and their combination. The final aim was to find the material that exhibits the best performance in terms of both high selective power emission, good efficiency along with acceptable thermo-structural properties (high temperature thermal shock resistance, good strength, no creep). The power density emitted by samples as function of the temperature has been tested in the range 1000nm-5000nm. The high temperature emission measurements and the structural tests indicate that a good compromise between the functional and the thermo-structural properties may be reached. The results of the tests on the emitter coatings carried out in a TPV generator at the operating conditions are also presented in this paper.
INTRODUCTION
It is well known that one of the major limitations to the conversion efficiency of a Thermophotovoltaic (TPV) system operating at moderate temperatures (T < 1300 °C) is the fact that the largest part of the electromagnetic radiation, emitted by a blackbody-or a greybody-like source at those temperatures is wasted because of the mismatch with the spectral response of any of the photovoltaic cells proposed so far. Radiant energy which is neither converted nor recycled can result in a destructive heat load on the generator components, including the temperature-sensitive photovoltaic cells and will drastically lower the conversion efficiency of the system. One of the solutions to increase the overall TPV efficiency is the use of selective emitters, radiators whose spectral emissivity is high in a narrow wavelength range (namely in the absorption band of the photovoltaic cell) and low elsewhere. Actually, the presence of a selective emitter does not increase the power density available for the PV conversion with respect to a high emissivity material such as SiC, but it reduces losses due to low energy photons and carrier thermalisation. The effectiveness of Rare-Earth (RE) oxides as spectrally selective emitters was evidenced in 1972 by Guazzoni et al. [1] who published a detailed study on high-temperature spectral emittances of Erbium, Samarium, Neodymium and Ytterbium oxides. They prepared the emitters by slip casting using slurries of rare earth oxide powders. These oxide ceramics in bulk monolithic form, were severely limited by thermal shock. To overcome this limit, Nelson [2] prepared the rare earth oxides in fibrous form, obtaining good thermal resistant emitters which, thanks to small thickness, exhibited also limited off-band radiation as well as a superior resistance to thermal cycling. Being the emissivity a surface effect, the efficiency enhancement observed in those fibrous emitters was mostly related to the large surface roughness compared to the same material with a flat or polished surface. Although not mechanically durable, gas lighting mantles are excellent examples of thermally stress-tolerant structure because the 10-µm-diameter of the fibres is small enough to survive thermal stresses. The problem of fragility of the mantle-type emitters can be overcome by using a composite-based emitter, incorporating the desired rare earth oxides into a structural material consisting of quartz or Nextel 440 fibres as proposed by Adair and Rose [3] . Recently, L.G.Ferguson et. al. [4] fabricated a new "band-gap matched" emitter, consisting of a composite Co-or Ni-doped MgO, which exhibited high mechanical integrity, thermal shock resistance, excellent heat transfer characteristics, near-ideal spectral efficiency and peak emissive power of 0.1 MW/m 2 µm. Some interesting experimental results have been also found for Erbium, Thulium and Erbium-Holmium aluminium garnet thin films (0.25-0.40 mm) by Lowe R.A., Chubb et al. [5] . Oxide based materials are generally transparent to infrared radiation since the valence electrons are tightly joined to the atoms through ionic and covalent bonding. Their optical absorption from the visible to the infrared range is very low since no electronic transitions are allowed. At wavelengths larger than 4-5 microns, lattice and molecular vibration are resonant with long wavelength photons and therefore they are responsible for both high absorbivity and high emissivity. The low absorption and emissivity that characterise oxide ceramics in the range of 0.5-5 microns [6] suggest that they can be good host for Rare Earth emitter. In particular Silica, Zirconia, Alumina and Aluminium based garnet ceramics are also very important thermostructural ceramics. This is the reason why we have decided to investigate the above mentioned oxides to prepare an optimised emitter.
We have produced samples incorporating rare earth oxides into different oxide matrices, namely Silica, Alumina, Zirconia and their combination in the form of bulk ceramic and porous thick coatings. Er was selected as the preferred rare earth element to match the spectral response of photovoltaic cells with the maximum conversion efficiency at about 1500 nm.
EXPERIMENTAL Composite Preparation
Silica glass was obtained from a modified sol-gel process previously reported [7] . Bulk ceramic and porous coatings were prepared from ceramic slips containing a reactive colloidal phase. The ceramic powders contained in the slip were prepared in house by a wet chemical route: rare earth salt and Alumina sol where mixed dried and calcined. Garnet powders could be obtained, provided that the calcining temperature was above 1050°C. Garnet powders, bulk and films were prepared with composition Er x Y 3-x Al 5 O 10 , with x ranging from 0 to 3. For x = 0 and for x = 3 we will use the abbreviations YAG and ErAG respectively. Short fibre reinforced composites have been prepared from ceramic slurries containing short Alumina or Zirconia fibres. Details on the preparation of the composites are presented elsewhere [8] , whereas details on the preparation of garnet films and bulk structures are proprietary and patents are pending. The reactive slips were cast in plastic molds, gelled dried and sintered. Disks of various size and thickness where prepared for emissivity testing. Porous coatings on greybody combustors e.g. SiC and Alumina where obtained with good adhesion and good thermal shock resistance. The thickness of the coatings could be controlled from 50 to 500 microns.
Experimental setup for high-temperature optical characterisation
The high-temperature optical characterisation was carried out by recording the emission spectra of the analysed samples together with the emission spectrum of a Silicon Carbide reference sample in the same experimental conditions. Samples were heated up to temperatures as high as 1800K by a gpl-oxygen flame both in backheating and front heating configuration with respect to the acquisition equipment. For the measurement of the surface temperature two optical pyrometers with spectral response at 3.9 µm and 1.5 µm, and an S-thermocouple were used. Samples faced a multimode fluoride glass optical fibre which funnels the radiation into an F-matcher connected to a 74100-M Lot-Oriel double grating monochromator.
Finally, the radiation is detected by a InGaAs sensor and a InSb detector. To prevent the fibre from heating, a molybdenum shield with a 1 mm diameter hole was positioned between the fibre and the sample. A preliminary calibration was performed with the aim of verifying emittance values of the SiC specimen at the wavelength of analysis of pyrometers. SiC emissivity is equal to 90% in the working range of the near infrared pyrometer (1000 to 1900 nm), and to 75% in the spectral window of the infrared pyrometer [9] . Since the size of the emitting area was selected by the viewing angle of the ensemble fibre-Molybdenum shield, the calibration curves included all the geometrical factors. The power density measurements were performed at different temperatures of the emitters, and for a wide range of RE concentrations.
RESULTS AND DISCUSSION
The measured high-temperature power density is reported in Fig.1 as a function of wavelength at a temperature of 1250°C for specimens hosting the same Er concentration by weight into different matrices. The spectra refer to the wavelength region of Erbium emission. The monocrystalline YAG spectrum has the lowest off band contribution. The peak at 1500 nm is attributed to the Erbium ion transition The two composite samples contain the rare earth oxide providing the functional performances and special fibres to provide good mechanical properties (strength, creep resistance) at high temperature (1500°C). Although they differ only for the type of fibre the high temperature emission behaviour is quite different. Fig.1 evidences that the specimen containing Zirconia fibres does not exhibit any selective emission, whereas the sample reinforced with Alumina fibres exhibit a lower off-band emission and a higher peak to background ratio at 1.5 µm. Torsello et al. [10] have shown that in composites containing Zirconia fibres, efficient non-radiative channels prevent Erbium ions from decaying radiatively and therefore the in-band emission is strongly reduced compared to the Alumina-based composites where the Erbium ions are bounded to Aluminium and oxygen into ternary compounds. This structure is shown to inhibit nonradiative decay thus increasing the probability of radiative deexcitation [10] . As a result we can state that a strong absorption is a necessary but not a sufficient condition for an efficient emission at high temperature. In the Zirconia-based composite it is, in fact, clearly evident that non-radiative phenomena are able to quench and even suppress the Er 3+ emission around 1500nm. Bulk Silica exhibits the highest in-band intensity in the wavelength range shown in Fig.1 , but it is limited to a maximum operating temperature of about 1250 °C and it has a very high emissivity (about 90%) at wavelengths larger than 3.5µm [6] . A series of ceramic Aluminium Garnet samples with different Erbium/Yttrium ratio were also prepared. Contrary to YAG monocrystals, ceramic YAG is opaque and its surface is characterised by a higher roughness. In Fig. 2 the peak power density at 1480nm is plotted versus the Erbium concentration at about 1200°C for both monocrystalline and ceramic YAG. For Erbium fractions from 0 to 40% the emitted power increases with increasing Erbium content but, between 40% and 100% the emission does not change significantly. This indicates a trade-off between the increase of radiating centres and the efficiency of the de-excitation energy transfer processes. The observed behaviour, reported in Fig.2 , is quite similar for ceramic and singlecrystal material even if the saturation effect in the monocrystal matrix seems to occur at a lower concentration than for the ceramic garnet. The experimental errors have been estimated at 10%. This result, along with the high peak emission found in transparent amorphous Silica shown in Fig.1 , suggests that in ceramic materials emissivity is a bulk property influenced by factors such as the scattering at grain boundaries and at the pore surfaces, or the dimensions of grains and pores. The lower power density that is found in ceramic samples at low Er concentration is in fact attributed to scattering phenomena which prevent the deeper Er cation to contribute to the surface emissivity. In fig.3 the spectral emission of Erbium oxide is compared to ceramic Erbium Aluminium Garnet (ErAG). The efficiency of a selective emitter is usually defined as the ratio of the power emitted in the wavelength spectrum of absorption of the photovoltaic converters to the total power irradiated at a given temperature. From the experimental point of view it is convenient to introduce the notion of partial efficiency (1) (Fig.4) to measure the ratio between the in-band and the off-band power emission in the wavelength interval of analysis which, in our case, ranges from 800 to 4700 nm. Erbium Aluminium Garnet and Erbium Oxide exhibits a comparable peak emission but the garnet has a much higher partial efficiency. These experimental results are in agreement with the theory proposed by Torsello [10] which predicts that Erbium Aluminium Garnet should be more efficient as a selective emitter than Erbium Oxide where non radiative deexcitation channels dominate over radiative deexcitation. A slurry technique was used to apply an ErAG coating on the external surface of a SiC cylinder to be used in a TPV burner (Fig.5) . The thickness of the coating was about 200 microns and its porosity was quite high (~50%). Due to its porosity the coating could match the difference in thermal expansion coefficient with the substrate without the development of cracks or delamination. Fig.5 shows that the use of the coating allows to drastically change the emissivity properties of the substrate. In particular the power emitted at wavelengths outside the region of optimum spectral response of the photovoltaic cells was strongly reduced. Even if the coatings do not absorb the radiation from the substrate, the high porosity and the thickness of the ErAG layer enhances the radiation scattering which suppresses almost entirely the contribution of the SiC substrate to the surface emissivity.
CONCLUSIONS
We have studied the selective emission properties of a variety of mixed oxide ceramics containing rare earths. Amorphous Silica exhibits a large in-band emissivity even at low RE doping concentration, Alumina based garnets described by the general formula Er x Y 3-x Al 5 O 10 , (0 < x < 3) are characterised by a very low emissivity in a very broad range outside the Er absorption band at 1500nm. We have also investigated bulk and surface phenomena by comparing polycrystalline porous ceramics with transparent amorphous Silica and single crystals with similar chemical composition and crystalline structure. Depending on the physical properties of the host matrix i.e. porosity and crystalline structure, a minimum amount of Er incorporated in a YAG structure is necessary for the in-band power density to outbalance the off-band emission.
The thermo-structural properties of bulk garnet ceramics up to 1600°C are quite good in terms of refractoriness, creep resistance and mechanical resistance, but the high coefficient of thermal expansion and low thermal conductivity limit the resistance to thermal shocks. As a practical and effective alternative to the use of bulk oxide ceramics we have showed that thick porous films can be used as coating of bulk SiC combustors. Bulk SiC, due to the high thermal conductivity and lower coefficient of thermal expansion has excellent thermal shock resistance and unlimited lifetime. The combined system, porous coating of ErAG on SiC combustor, looks therefore very efficient, practical and economical solution.
